The success of S. aureus as a pathogen can largely be ascribed to the plethora of genetic regulators encoded within its genome that temporally regulate its arsenal of virulence determinants throughout its virulence lifestyle. Arguably the most important of these is the two-component, quorum-sensing system agr. Over the last decade the controversial presence of a second quorum-sensing system has been proposed (the TRAP system), and has been mooted to function as the master regulator of virulence in S. aureus by modulating agr. Mutants defective in TRAP are reported to be devoid of agr expression, lacking in hemolytic activity, essentially deficient in the secretion of virulence determinants, and avirulent in infection models. A number of research groups have questioned the validity of the TRAP findings in recent years; however a thorough and independent analysis of its role in S. aureus physiology and pathogenesis has not been forthcoming.
Introduction
Staphylococcus aureus is a major human pathogen that is considered to be one of the most common causes of human disease (42). The success of S.
aureus as an infectious agent is largely due to its ability to cause a wide-range of infections in a plethora of ecological niches within the host. These can range from the relatively benign, such as soft tissue infections, boils and abscesses; to the systemic and life-threatening, such as endocarditis, septic arthritis, osteomyelitis, pneumonia and septicemia. The array of pathologies caused by S.
aureus is facilitated by the arsenal of virulence determinants encoded within its genome, all of which are tightly regulated both temporally and spatially throughout its pathogenic lifestyle (42, 51) . This is achieved through an army of regulatory mechanisms that encompass DNA-binding proteins, two-component regulators, sigma factors and quorum sensing mechanisms (1, 3, 12, 15-18, 22, 26, 30, 32, 34, 51, 71) .
Arguably the most important of all of these regulatory loci is the agr system; a quorum sensing two-component regulator that has been shown by numerous investigators to be central to the infectious capacity of S. aureus (1, 34, 47, 49, 55) . Agr is a temporal regulatory element that is maximally expressed from the post-exponential phase onwards; where it represses surface and attachment proteins and upregulates the synthesis of toxins and exoenzymes. Upon entry into staionaty phase agr expression in vitro is seen to decline, with such an eclipse of activity also observed during in vivo analyses (69) . The agr locus is P2 results in the transcription of the agrBDCA cluster; with agrBD encoding the quorum sensing arm of the agr locus, while agrCA encodes the two-component regulatory activity (39, 46, 48) . AgrB functions as a membrane associated protease that serves to cleave and export a modified octapeptide form of AgrD (named AIP for auto-inducing peptide), which acts as the quorum sensing ligand (35, 36, 45, 48, 72, 73) . In the extracellular milieu AIP, at a sufficient density threshold binds its receptor, AgrC, inducing its phosphorylation (40). The newly phosphorylated AgrC then in turn induces the phosphorylation of its target molecule AgrA, which has the effect of upregulating the P3 promoter of the agr operon that encodes RNAIII, the regulatory effector of the system (46, 55).
A C C E P T E D
Over the last decade the controversial presence of a second quorum sensing system in S. aureus has been proposed, and has been mooted to function as the master regulator of virulence in this organism by modulating the activity of agr (5, 6, 8, 31, 37) . This system, referred to as SQS1 (for Staphylococcal Quorum Sensing System 1, the agr system has been termed SQS2 (37)), is proposed to operate upstream of agr, controlling the activity of RNAIII via its own autoregulatory mechanism. SQS1 operates by the constitutive release of ribosomal protein L2, or RAP (for RNAIII activating protein), into the supernatant of S. aureus cultures (37). Once the extracellular concentration of RAP has achieved a sufficient density it activates its target protein, TRAP (for target of RAP), and induces the phosphorylation of three conserved TRAP
on October 15, 2017 by guest http://iai.asm.org/ Downloaded from histidine residues (8, 31) . From here TRAP is proposed to interact with the agr system, bringing about its upregulation. Further to the presence of TRAP and RAP there is also an antagonistic repressing peptide referred to as RIP (for RNAIII inhibitory peptide) (4) (5) (6) . RIP is produced by a coagulase-negative Staphylococcus that is believed to be either S. xylosus, S. warnerii or possibly even S. hominis (6, 49) . RIP serves to compete with RAP in mediating the activity of TRAP, thus if RIP binds to TRAP instead of RAP then TRAP is dephosphorylated, shutting down SQS1, and consequently the agr system (8, 31).
The controversial nature of SQS1 is the result of over a decade of individual investigation by the researchers Novick and Balaban. Herein is presented a review of this published work on quorum sensing in S. aureus by these groups in order to provide a better understanding of the subject, and to place in context the findings of the present study.
The existence of RAP was first noted by Balaban and Novick (4) , where it was shown to be a 38 kDa protein produced by post-exponential cultures of S. aureus. They also noted presence of RIP which was shown to be produced by an exoproteins-deficient strain of S. aureus known as RN833. Shortly after this record appeared in the literature a further study by Ji et al (35) revealed that the agr stimulating activity observed by Balaban and Novick (4) was not actually the result of the 38kDa RAP protein, but via the action of a modified octapeptide form In contrast to the work of the Novick group a 1998 publication by Balaban and coworkers (5) indicated the original 38 kDa RAP protein is not only found in both agr functional and non-functional strains, but that it does indeed possess RNAIII stimulating activity. Thus it was proposed that RAP is an additional, agr independent, activator of RNAIII synthesis. It was further suggested, although without supporting evidence, that antibodies against RAP can inhibit RNAIII synthesis in S. aureus cultures. Additionally mice pre-treated with RAP from either agr + or agr -strains were protected from challenge by S. aureus. RIP was also purified and sequenced by Balaban et al. (5) , revealing it to be a heptapeptide (YSPXTNF). A synthetic form of RIP (YSPWTNF) was generated, all of which are phosphorylated and required for function. Replacement of any one of these residues with alanine led to a failure of the TRAP protein to become phosphorylated at any of the remaining histidine residues, and as such, strains bearing alterations in any of these 3 histidine residues behave as TRAP-negative mutants. Phenotypic analysis of a traP-inactivated mutant revealed it to be nonhemolytic, devoid of RNAIII production, and entirely avirulent in a murine model of S. aureus induced cellulitis.
The most recent study on the RAP/TRAP system was a transcriptional profiling study (38) . In this investigation microarray analysis revealed the 

Materials and Methods
Bacterial strains, plasmids and growth conditions. S. aureus strains are listed in Table 1 . All strains created in this study were confirmed by PCR and Southern blot analyses for correct construction (data not shown). S. aureus was grown in 100 ml BHI ( traP mutant in both the 8325-4 and Newman backgrounds for secreted hemolytic activity using sheep blood agar plates (see Figure 1 ). As a negative control an existing agr-null strain was also included for comparison. Regardless of the background, inactivation of traP had no discernable affect on the secreted hemolytic activity of S. aureus. Indeed this observation is made even more striking when compared to the agr mutant, which displayed a total lack of detectable hemolysis about its periphery.
Transcriptional quantification reveals TRAP to play no role in the modulation of agr transcription or activity. Further to our analysis of secreted hemolysis we proceeded to specifically quantify the effect of traP deletion on the transcription of classically agr-regulated genes. Those selected were hld which is encoded by RNAIII, and as such serves as a direct measure of agr transcription;
the sspA serine protease which has been shown repeatedly to be positively regulated by the agr system (13, 32, 33, 41, 58); surface protein A (spa) an equally well-documented component known to be classically repressed by agr (14, 54, 65) ; and the alpha-hemolysin gene itself (hla) so as to corroborate our activity findings. The expression of each of these genes has been shown to be controlled by TRAP, in an agr mediated manner, as detailed by a recent transcriptional profiling study (38). These investigations were again conducted in both the 8325-4 and Newman backgrounds so as to give a representative analysis of the role of TRAP. (Fig. 4B ).
A C C E P T E D
Blinded-scoring of the severity of infection revealed absolutely no discernable difference between infection groups. Thus it is apparent that TRAP is entirely dispensable for the progression of septic arthritis using our murine model of infection; an observation that is somewhat incongruous to the findings of Gov et al. (31) . It has previously been shown that mutants lacking the effector molecule of SQS1, TRAP, are entirely non-hemolytic when tested using blood agar media (31). Our investigations found that, quite conversely, the TRAP-negative mutant appears to be equally as hemolytic as the parental strain in both S. aureus 8325-4 and Newman. Furthermore our transcriptional analysis studies revealed the temporal regulation of alpha-hemolysin remains unchanged in the TRAP mutant in both of our wild-type strains. Indeed not only is hla transcription unaffected by the traP mutation, but we can find no alteration in agr transcription either. Further clearly shows that S. epidermidis does not secrete L2 into the culture media.
Thus the phosphorylation of TRAP in S. epidermidis seemingly occurs in either a RAP-independent manner, or that the mechanism occurs in a manner at odds with that noted for S. aureus. These apparent discrepancies would seemingly cast doubt on the validity of the RIP/RAP/TRAP system as an overarching signaltransduction mechanism as proposed by Balaban and coworkers. 
